Introduction
============

Malignant tumors could fend off anticancer therapies in several ways. One strategy involves the evasion of apoptosis by upregulating the inhibitors of apoptosis proteins (IAP).[@b1-dddt-11-2697] IAP comprise a family of functionally and structurally related proteins that share the presence of one or more baculoviral IAP repeat (BIR) domains.[@b2-dddt-11-2697] The property of apoptosis inhibition has been described for at least four IAP family members -- cIAP1, cIAP2, XIAP, and survivin.[@b3-dddt-11-2697]--[@b5-dddt-11-2697] IAP subverts apoptosis through binding and inactivating caspases via one or more BIR domains,[@b6-dddt-11-2697] which are approximately 80-amino acid zinc-binding domains and are essential for the antiapoptotic functions of the IAP. For example, the second BIR domain (BIR2) of XIAP is essential for potent inhibition of caspase-3.

Elevated IAP have been identified in numerous neoplasms, and have been proved to be correlated with poor prognosis. In several recent reports, it has been demonstrated that IAP play an active role in promoting tumor maintenance through the inhibition of cellular death, thus enhancing tumor's resistance to radiotherapy and chemotherapy.[@b7-dddt-11-2697],[@b8-dddt-11-2697] Furthermore, IAP participate in signaling pathways associated with tumor proliferation, invasion, metastasis, and angiogenesis.[@b9-dddt-11-2697]--[@b11-dddt-11-2697] Therefore, agents targeting IAP might be an effective approach for the treatment of cancer.

Different IAP-targeting therapies have been evaluated in preclinical and clinical studies in a variety of tumors recently.[@b12-dddt-11-2697] Among those therapeutic strategies, one appealing approach is based on the occupation of the IAP--BIR peptide-binding pocket by certain reagents and, thus, interference with the IAP--caspases interactions.[@b13-dddt-11-2697] An endogenous inhibitor of the BIR peptide, the four amino-acid N-terminus of the second mitochondrial activator of caspases (Smac; AVPI), can antagonize IAPs, with high binding affinity against the BIR2/3 domains of XIAP, the BIR3 domains of cIAP1/2, and the single BIR domain of survivin. This AVPI tetrapeptide sequence has been regarded as the lead structure for designing small-molecule BIR inhibitors for antagonizing IAPs by many researchers. Moreover, efforts to design new compounds capable of inhibiting BIR domains have focused on high-throughput-screening bioactive Smac mimetics that are based on those AVPI tetrapeptides, and subsequently evaluate their anti-cancer activity and underlying mechanism. Preclinical studies have demonstrated the capacity of those small-molecule BIR inhibitors to inhibit tumor growth and to sensitize cells to conventional therapeutic agents, such as radiation or cisplatin, in multiple solid tumors. To date, at least six BIR inhibitors have entered human clinical trials. Preliminary data indicate good tolerance and predicted biomarker modulation, such as cIAP1 downregulation and increased levels of processed caspase-3. However, it appears that those reported BIR inhibitors either have low potency or poor metabolic stability. For instance, results from phase I clinical trials indicated that AT406 (Ascenta Therapeutics) did not show equivalent efficacy as previously tested in mice, and HGS1029 (Aegera Therapeutics/Human Genome Sciences) required intravenous administration owing to large molecular size.[@b12-dddt-11-2697],[@b14-dddt-11-2697] Therefore, efforts need to be made to develop more efficient BIR inhibitors with improved potency and better pharmacokinetics.

Molecules with an isoquinoline skeleton have been reported to have the capacity to antagonize IAP with a high binding affinity to the BIR2 domain, highlighting their utility as a potential drug lead.[@b11-dddt-11-2697] Compounds with an isoquinoline skeleton are reported to be capable of antagonizing XIAP. In this study, we firstly designed and synthesized series of small compounds, with an isoquinoline skeleton and different chemical groups, and then evaluated their antitumor activities on ovarian cancer cells in vivo. Two compounds screened out were further evaluated on the nude mouse xenograft model, and showed good antitumor efficacy and in vivo safety. They inhibited tumor cell proliferation mainly in an apoptotic way, as caspase-3 and PARP were activated, whereas IAP were downregulated at the protein level.

Materials and methods
=====================

Synthesis
---------

We synthesized 533 molecules with an isoquinoline skeleton as described previously.[@b15-dddt-11-2697],[@b16-dddt-11-2697]

Unless otherwise stated, all commercial reagents were used as received. All solvents were dried and distilled according to standard procedures. Flash column chromatography was performed using silica gel (60-Å pore size, 32--63 µm, standard grade). Analytical thin-layer chromatography was undertaken using glass plates pre-coated with 0.25 mm 230--400 mesh silica gel impregnated with a fluorescent indicator (254 nm). Thin-layer chromatography plates were visualized by exposure to ultraviolet light. Organic solutions were concentrated on rotary evaporators at \~20 Torr at 25°C--35°C. Nuclear magnetic resonance (NMR) spectra are recorded in parts per million from internal tetramethylsilane on the δ scale.

Cell culture and cell growth inhibition assay
---------------------------------------------

The human ovarian cancer SKOV3 cells (purchased from Sigma-Aldrich Co., St Louis, MO, USA) were seeded in 96-well flat-bottomed cell culture plates at a density of 1×10^3^ cells/well and grown overnight.[@b17-dddt-11-2697] Then, 5 mg compound stock in 100% dimethylsulfoxide (DMSO) was diluted in medium at concentrations of 0, 1, 2.5, 5, 7.5, and 10 µg/mL separately, filtered, serially added into a 96-well plate, and continuously incubated for 24 h. Viable cells were quantified by a CCK-8 assay in which the absorbance of the samples was measured at 450 nm.[@b18-dddt-11-2697] IC50 was calculated according to the cell growth curves. Experiments were repeated at least three times.

Apoptosis assay
---------------

Apoptotic nuclear changes were assessed by Hoechst staining, followed by fluorescent microscopic examination.[@b19-dddt-11-2697] SKOV3 cells were seeded in dish slides. After incubation with testing agents (5 µg/mL compounds and 1% DMSO; 5 µg/mL cisplatin \[DDP\] as positive control; phosphate buffered-saline \[PBS\] as negative control) for 24 h, cells were stained with 20 mg/mL Hoechst at 37°C for 20 min, washed three times with PBS, and fixed with 4% formaldehyde for 15 min at room temperature. Morphological changes of nuclei were observed under a fluorescent microscope. The percentage of apoptotic cells was calculated for each field and averaged for the treatment group. The cytotoxicity of cisplatin was also evaluated under the same experimental conditions for comparison. In each slide, at least 120 cells were assessed in three contiguous fields.

SKOV-3 cells were treated with different concentrations of each compound (5 µg/mL of compounds and 1% DMSO; 10 µg/mL of compounds and 1% DMSO) or PBS for 24 h. Cells were washed and resuspended in binding buffer at a concentration of 1×10^6^ cells/mL; 100 µL of the solution (1×10^5^ cells) was transferred to a 5 mL culture tube. Then, 5 µL of recombinant human annexin V-FITC conjugate (ANNEXINV01, Invitrogen) and 5 µL of propidium iodide solution (P4864, Sigma-Aldrich) were added, and cells were gently vortexed and incubated for 15 min at room temperature (25°C) in the dark. Thereafter, 400 µL binding buffer was added to each tube. Finally, the harvested cells were analyzed by flow cytometry.

Tumor xenograft study
---------------------

This study was approved by the Animal Ethics Committee of Fudan University (approval number: 20140823), and all animals were maintained and used in accordance with the guidelines of the Institutional Animal Care and Use Committee of Fudan University. SKOV3 cells were suspended in PBS, and then implanted subcutaneously into the right oxter of 40 female nude mice (age 6--8 weeks).[@b20-dddt-11-2697] Tumor volumes were evaluated using the formula *V* = 0.5 × *a* × *b*^2^, where *a* and *b* are the largest and smallest perpendicular tumor diameters, respectively. Six mice with the appropriate mean tumor volume were assigned randomly to each of the four groups. The mean tumor volume for all four groups was 189±3 mm^3^ at the initiation of treatment (day 0). Mice (six per group) were treated with compound B01002, C26001, and DDP by intraperitoneal injection at a dose of 4 mg/kg every other day, with PBS as the control. Tumor volumes and mice body weights were measured every other day. Percent tumor growth inhibition (TGI) was calculated using the formula % TGI = 100 \* (1 − tumor volume~dose~/tumor volume~PBS~). At the end of the experiment, the mice were sacrificed and the tumor tissues were harvested and weighed; the liver, spleen, small bowel, kidneys, and lungs were excised; and blood samples were collected.

Hematological and biochemical study
-----------------------------------

At the end of the experimental period, blood samples were collected from all animals from the retro-orbital venous plexus for safety evaluation. The effect of these compounds on blood parameters in mice was determined in the collected blood samples. Serum aspartate aminotransferase (AST), alanine transaminase (ALT), alkaline phosphatase (ALP), blood urea nitrogen (BUN), and creatinine (Cr) levels were determined using enzyme-linked immunosorbent assay kits (Shanghai Institute of Biological Products Co.).

TUNEL staining and immunofluorescence analysis
----------------------------------------------

TUNEL assay was conducted using the In Situ Cell Death Detection Kit (Roche) according to the kit protocol. Briefly, the dissected tumors were fixed in 4% paraformaldehyde. Then, TUNEL staining was conducted in fixed tumor sections (5 µM) that were counterstained with 4,6-diamidino-2-phenylindole (DAPI). The numbers of TUNEL-positive cells and the total cells in tissue sections were counted.[@b21-dddt-11-2697]

Immunohistochemical assessment of Ki-67
---------------------------------------

Moreover, 5 µm-thick sections were cut from the tissue blocks, and then dewaxed and rehydrated. MIB1 antibody (Abcam) at a dilution of 1:100 was used for Ki-67 immunostaining.[@b22-dddt-11-2697] Harris hematoxylin was used to counterstain Ki-67--immunostained sections. All sections were assessed blindly and independently by two observers. Preceding this, the percentage of positively staining cells was recorded and used as a quality control measure in our statistical analysis.

Western blot analysis
---------------------

The resected tumors were washed with cold PBS, and prepared by homogenization in RIPA buffer (1% Nonidet P-40, 0.5% sodium deoxycholate, and 0.1% sodium dodecylsulfate in PBS) supplemented with protease inhibitor cocktail. Then, 30 mg protein was resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotted with the respective antibodies.[@b23-dddt-11-2697]

Gene expression analysis
------------------------

We isolated RNA with the RNeasy Lipid Tissue kit (QIAGEN) and DNase digestion, synthesized cDNA with the High-capacity cDNA Reverse Transcription kit, and conducted quantitative real-time PCR (RT-PCR) with goTaq qPCR Master Mix in a Bio-Rad CDX96 Real-time PCR system. We calculated relative gene expression levels by the ΔΔ^Ct^ method using cyclophilin A as the internal control.[@b24-dddt-11-2697]

Statistical analysis
--------------------

All data were presented as mean ± standard error. For relative gene expression, the mean value of the control group was defined as 100%. Two-tailed unpaired Student's *t*-test and ANOVA were used for statistical evaluation of the data.[@b24-dddt-11-2697] The Sigma stat statistical analysis program was used for data analysis. *P*\<0.05 was considered significant.

Results
=======

Isoquinoline derivatives were synthesized to inhibit IAP
--------------------------------------------------------

The synthetic routes for isoquinolines 1-2 are shown in [Scheme 1](#f6-dddt-11-2697){ref-type="fig"}. Isoquinoline 1 (B01002) was prepared by a silver triflate-catalyzed reaction of 2-alkynylbenzaldoxime with amine. Isoquinoline 2 (C26001) was synthesized by a silver triflate-catalyzed reaction of 2-alkynylbenzaldehyde with 2-isocyanoacetate.

Isoquinoline derivatives inhibit proliferation and promote apoptosis
--------------------------------------------------------------------

Molecular structures of isoquinoline derivatives are shown in [Supplementary materials](https://www.jianguoyun.com/p/DcuOjnAQ5-mUBhjv2DI). Firstly, we tested the antiproliferative activity of each compound in vitro on human SKOV3 ovarian cancer cells and, as shown in [Figure 1A](#f1-dddt-11-2697){ref-type="fig"}, CCK-8 assays revealed that two compounds -- denoted as B01002 and C26001 -- inhibited SKOV3 cell proliferation in a concentration-dependent manner with an IC50 of 7.65 and 11.68 µg/mL, respectively. The screened results of all 533 compounds are shown in [Supplementary materials](https://www.jianguoyun.com/p/DcuOjnAQ5-mUBhjv2DI).

Spectroscopic data for B01002 are as follows: 1H NMR (400 MHz, CDCl3) δ 8.57 (d, J=8.4 Hz, 1H) (Ar-H, the eighth position of isoquinoline), 8.28 (dd, J=1.2, 5.2 Hz, 1H) (Ar-H, the sixth position of pyridinyl), 8.08 (s, 1H) (ArNHAr'), 7.94 (d, J=8.4 Hz, 1H) (Ar-H, the fifth position of isoquinoline), 7.71 (t, J=8.0 Hz, 1H) (Ar-H, the fourth position of pyridinyl), 7.65 (d, J=8.0 Hz, 1H) (Ar-H, the third position of pyridinyl), 7.58 (t, J=8.0 Hz, 1H) (Ar-H, the sixth position of isoquinoline), 7.44 (t, J=7.6 Hz, 1H) (Ar-H, the seventh position of isoquinoline), 7.10 (s, 1H) (Ar-H, the fourth position of isoquinoline), 6.93 (t, J=6.0 Hz, 1H) (Ar-H, the fifth position of pyridinyl), 2.06--2.11 (m, 1H) (CH, cyclopropyl), 1.11--1.18 (m, 2H), (CH2, cyclopropyl), 0.97--0.99 (m, 2H) (CH2, cyclopropyl); 13C NMR (100 MHz, CDCl3) δ 154.00, 153.80, 150.75, 147.92, 147.55, 138.04, 130.20, 126.84, 125.66, 121.57, 117.56, 117.26, 113.13, 110.62, 17.40 (CH, cyclopropyl), 9.01 (CH2, cyclopropyl); IR (cm^−1^): 3446.23, 3048.23, 2927.25, 2852.63; HRMS (ESI) calculated for C17H15N3: 262.1344 (M + H+), found: 262.1396.

Spectroscopic data for C26001 are as follows: 1H NMR (400 MHz, CDCl3) δ 8.38 (s, 1H) (Ar-H, the fourth position of isoquinoline), 8.00 (d, J=8.4 Hz, 1H) (Ar-H, the eighth position of isoquinoline), 7.67 (s, 1H) (Ar-H, the fifth position of isoquinoline), 7.40 (d, J=8.4 Hz, 1H) (Ar-H, the seventh position of isoquinoline), 7.22--7.12 (m, 5H) (Ar-H, phenyl), 4.73 (s, 2H) (CH2, Ar-CH2-Ph), 4.53--4.49 (m, 2H) (CH2, -COOCH2CH3), 2.49 (s, 3H) (CH3, Ar-CH3), 1.47 (t, J=6.8 Hz, 3H) (CH3, -COOCH2CH3); 13C NMR (100 MHz, CDCl3) δ 166.2 (carbonyl or the first position of isoquinoline), 160.4 (carbonyl or the first position of isoquinoline), 141.0, 139.3, 136.6, 131.7, 128.6, 128.5, 127.7, 127.0, 126.8, 126.3, 126.0, 125.0, 61.7 (-0-CH2-), 42.5 (Ar-CH2-Ph), 21.8 (CH3, Ar-CH3), 14.5 (CH3, -CH2-CH3); HRMS (ESI) calculated for C20H19NO2: 306.1494 (M + H+), found: 306.1525.

To gain insights into the underlying mechanisms, apoptotic nuclear changes were assessed by Hoechst staining. [Figure 1B](#f1-dddt-11-2697){ref-type="fig"} demonstrated that B01002 and C26001, both at a concentration of 5 µg/mL significantly induced apoptosis of SKOV3 cells. Then, a flow cytometric analysis with annexin V--FITC and PI staining was further performed. The level of apoptotic cells in SKOV3 was assessed by the percentage of annexin V-positive/PI-negative cells present after exposure of SKOV3 cells to different concentrations (5 or 10 µg/mL) of B01002 and C26001 for 24 h, as illustrated in [Figure 1C](#f1-dddt-11-2697){ref-type="fig"}. At the concentration of 5 µg/mL, B01002 and C26001 induced apoptosis, as indicated by a 21% and 9% increase in apoptotic cells (annexin V-positive/PI-negative), respectively. At a concentration of 10 µg/mL, B01002 and C26001 promoted cell death via both necrosis and apoptosis. For B01002, 46% of cells were necrotic (annexin V-positive/PI-positive), and 5% of cells were apoptotic, whereas for C26001, 20% cells were necrotic and 46% were apoptotic. As a comparison, 4% cells were apoptotic in the control group.

In vivo dosage experiment proved the safety of isoquinoline derivatives
-----------------------------------------------------------------------

B01002 and C26001 were selected for in vivo assays. The compounds B01002 and C26001 were injected into six animals, and DDP was administered as positive control, with PBS as negative control. Daily observation of clinical signs, physical examination, body weight, and food consumption with no abnormalities suggested good tolerance. A general observation of these organs treated with B01002 and C26001 showed no abnormal changes, whereas there were some lesions in the liver of the mice treated with DDP. Histopathological studies were carried out subsequently, and were also consistent. Abnormal findings were observed in the organs of the mice treated with DDP; no lesions were found in the organs of mice treated with B01002 or C26001. Blood samples were tested for blood count (RBC, WBC, hemoglobin, and platelets), and hepatorenal function (AST, ALT, ALP, BUN, and Cr). [Supplementary materials](https://www.jianguoyun.com/p/DcuOjnAQ5-mUBhjv2DI) show that the counts of blood components in mice treated with these two compounds were not altered significantly compared with the control. WBCs were slightly reduced by C26001, by 12%. [Supplementary materials](https://www.jianguoyun.com/p/DcuOjnAQ5-mUBhjv2DI) also show mean AST, ALT, ALP, BUN, and Cr values in animals treated with B01002 and C26001 were largely unchanged.

Isoquinoline derivatives decreased tumor size in a xenograft mouse model
------------------------------------------------------------------------

The in vivo antitumor activity of B01002 and C26001 was determined in nude mice bearing ovarian xenografted tumors. The two compounds, as well as DDP and PBS, were slowly injected intraperitoneally at the dosages and the time intervals described earlier ([Figure 2A](#f2-dddt-11-2697){ref-type="fig"}). Both compounds induced tumor growth delay for a longer period of time when compared with PBS controls. Furthermore, B01002 and C26001 revealed a clear tumor reduction of 99.53% and 84.23%, respectively, compared with PBS controls ([Figure 2B](#f2-dddt-11-2697){ref-type="fig"}). In summary, these preliminary data demonstrate the potential of B01002 and C26001 for the treatment of ovarian cancer.

Isoquinoline derivatives inhibited tumor cell proliferation mainly in an apoptotic way
--------------------------------------------------------------------------------------

To study the antiproliferative effects of B01002 and C26001 on xenografted tumors, we immunostained the resected tumors with a Ki-67 antibody and immunoblotted the resected tumor with a proliferating cell nuclear antigen (PCNA) antibody, respectively. The proliferation index was determined according to the Ki-67 expression level. We found that tumors treated with B01002 and C26001 had a significantly lower percentage of Ki-67 positivity, compared with tumors treated with PBS (33.2% and 68.5%, respectively; [Figure 3A](#f3-dddt-11-2697){ref-type="fig"}). To further verify these findings, we examined the expression level of a typical marker of cell proliferation, PCNA, which is abundant in SKOV3 cell lines. [Figure 3B](#f3-dddt-11-2697){ref-type="fig"} shows that PCNA (a typical marker of cell proliferation) was significantly decreased after treatment with C26001 (13.1%). However, PCNA was not decreased in tumors treated with B01002. Additionally, quantitative real-time PCR was conducted to assess mRNA levels of PCNA in resected tumors. Treatment with C26001 resulted in an evident rise (33%) in the mRNA levels of PCNA ([Figure 3C](#f3-dddt-11-2697){ref-type="fig"}). These results suggest that the antiproliferative potential of C26001 is associated with the elevation of mRNA levels of PCNA. Moreover, B01002 and C26001 caused tumor cell apoptosis (16.5% and 37.2%, respectively) in vitro as revealed by TUNEL assay ([Figure 4](#f4-dddt-11-2697){ref-type="fig"}), suggesting that these two compounds may predominantly kill cells via the apoptosis pathway.

Isoquinoline derivatives inhibited IAP at the protein level and showed antagonistic effect through the caspase--IAP pathway
---------------------------------------------------------------------------------------------------------------------------

Levels of IAP including XIAP, cIAP, and survivin in resected tumors were measured using Western blotting assay, and the results were shown in [Figure 5A](#f5-dddt-11-2697){ref-type="fig"}. XIAP, cIAP-1, and survivin were all reduced in tumors treated with B01002 and C26001, compared with tumors treated with DDP or PBS. mRNA levels of XIAP, cIAP-1, and survivin were examined by quantitative RT-PCR ([Figure 5B](#f5-dddt-11-2697){ref-type="fig"}). For mRNA levels of XIAP, no significant differences were found between each group. However, an increased mRNA level of cIAP-1 in the B01002 group and an increased mRNA level of survivin in C26001 group were found.

Cleaved PARP and cleaved caspase-3 were also tested by Western blotting assay ([Figure 5A](#f5-dddt-11-2697){ref-type="fig"}). Cleaved PARP was elevated in cells treated by C26001, whereas both cleaved PARP and cleaved caspase-3 were elevated in cells treated by B01002, indicating that both of the compounds activated apoptosis through the caspase--IAP pathway. However, it is notable that the protein level of cleaved caspase-3 was correlated with that of XIAP (Pearson's correlation 0.911, *P*\<0.05). mRNA levels of PARP in the B01002 and C26001 group were decreased as compared with the control group. However, there were no significant differences in mRNA levels of caspase-3 between groups; instead, mRNA levels of all treatment groups were decreased as compared with the control group.

Discussion
==========

In this study, we synthesized 533 new isoquinoline derivatives in the hope of inhibiting IAP and killing ovarian cancer. The CCK-8 assay showed that two of the isoquinoline derivatives could inhibit tumor cell proliferation. Hoechst staining, as well as fluorescence-activated cell sorting (FACS), results displayed that the two isoquinoline derivatives induced tumor cell apoptosis but not necrosis. Moreover, both of these new compounds were proved capable of decreasing tumor growth and have good safety profiles in the xenograft mouse model. Further analysis of the resected tumors revealed that the two compounds downregulated several IAP, including XIAP, cIAP-1, and survivin, thus promoting caspase-induced apoptosis, which may be one of the mechanisms of their antitumor activity.

As the incidence of ovarian cancer keeps rising and chemoresistance becomes increasingly common in the clinic, exploring new chemotherapeutic agents has become an important and urgent task, especially for patients with locally advanced, platinum-resistant ovarian cancer.[@b25-dddt-11-2697] Modern drug discovery often involves screening small molecules for their ability to bind to a preselected protein target. Drug discovery can also involve screening small molecules for their ability to modulate a biological pathway in cells or organisms, without regard for any particular protein target.[@b26-dddt-11-2697]--[@b28-dddt-11-2697] In this study, we synthesized a collection of 533 molecules with an isoquinoline skeleton, aiming at perturbing the caspase--IAP pathway to induce apoptosis and kill cancer cells.

IAP block programmed cell death and are expressed at high levels in various human cancers. Moreover, IAP have been implied in the regulation of additional signaling cascades, such as mitogen-activated protein kinase (MAPK) pathway,[@b29-dddt-11-2697] TGFb signaling,[@b30-dddt-11-2697],[@b31-dddt-11-2697] as well as innate and adaptive immunity signaling pathways[@b32-dddt-11-2697],[@b33-dddt-11-2697] -- making them attractive targets for cancer drug development.[@b34-dddt-11-2697] Therefore, many efforts have been made over the past decade to develop strategies to neutralize IAP, including antisense oligonucleotides and small-molecule inhibitors.[@b35-dddt-11-2697],[@b36-dddt-11-2697] Smac is a mitochondrial protein that is released into the cytosol upon the induction of programmed cell death and promotes apoptosis by neutralizing IAP.[@b37-dddt-11-2697] On this basis, a variety of small-molecule inhibitors have been developed that mimic the binding domain of the native Smac protein to IAP. So far, various Smac mimetics (monovalent or bivalent) are proved to inhibit Smac tetrapeptide binding to recombinant IAP, rescue IAP-bound caspase-3 activity, and show antiproliferative activities against malignant human cancer cells.[@b38-dddt-11-2697],[@b39-dddt-11-2697] Monovalent Smac mimetics are less potent than their corresponding bivalent Smac mimetics.[@b40-dddt-11-2697] However, because bivalent Smac mimetics have molecular weights exceeding 1,000, such compounds are expected to have very low oral bioavailability and will have to be administered intravenously -- a potential disadvantage if the drug must be administered frequently.[@b41-dddt-11-2697] Therefore, smaller molecules with higher efficacy are still needed.

Isoquinoline derivatives have been reported to show high affinity for the BIR2 domain and demonstrated potent IAP inhibitory activities in biochemical and cellular assays.[@b42-dddt-11-2697] Therefore, we screened the 533 isoquinoline derivatives synthesized earlier to obtain compounds with effective antitumor activity on ovarian cancer.

Firstly, we tested their cytotoxicity in vitro using the SKOV3 ovarian cancer cell line, and found that both B01002 and C26001 could inhibit tumor cell proliferation effectively (IC50 =7.65 and 11.68 µg/mL, respectively). Moreover, we found that both compounds could induce apoptosis of tumor cell, which seems the main mechanism of the toxicity, as a very small percentage of necrotic cells was observed. To evaluate the translational potential of these new agents, we tested their in vivo efficacy and safety using a xenograft mouse model. Consistent with the in vitro results, our study showed that both compounds decreased the size of xenografted tumors. By Ki-67 staining and PCNA level, we showed that both compounds inhibited the tumor proliferation in vivo. By measuring body weight, food consumption, observing clinical signs, physical examination, blood routine testing, and biochemical tests, as well as necropsy of major organs, the mice showed good tolerance in various dosages to both compounds, indicating their clinical translational potential in future applications.

Our data also revealed that these two new isoquinoline derivatives can downregulate XIAP, cIAP-1, and survivin at the protein level, but not at the mRNA level, suggesting that they work on the translational or post-translational process. As IAP block apoptosis by neutralizing caspases, it is not surprising that our new isoquinoline derivatives exert a pro-apoptosis effect, as also evidenced by TUNEL staining. The fact that both compounds upregulated the cleaved caspase-3 and partly upregulated cleaved PARP at the protein level further verified that the two compounds inhibited the tumor cells through the IAP--caspases pathway.

In addition, it is worth noting that isoquinoline-skeleton compounds are reported to participate in several signaling ways associated with tumor proliferation, invasion, metastasis, and angiogenesis, indicating that the antitumor effect of isoquinoline derivatives is not only limited to downregulating IAP.[@b43-dddt-11-2697] We hope to explore more biological functions of these new compounds to fully elaborate their antitumor mechanisms.

In conclusion, we have synthesized two new isoquinoline derivatives that significantly inhibit ovarian tumor growth and promote tumor apoptosis, both in vivo and in vitro, partly by downregulating the IAP. Combined with their good safety profile, this makes it worthwhile to evaluate their efficacies in a clinical setting in the future.
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![B01002 and C26001 inhibited SKOV3 cell proliferation and promoted apoptosis in vitro. SKOV3 cells were treated with B01002 and C26001 for 24 h. (**A**) Cell viability inhibition curve of B01002 and C26001 by CCK-8 assay. (**B**) Representative images of Hoechst staining of cells treated by B01002 and C26001. Arrows: apoptotic nuclear changes. Scale bar: 100 µm. (**C**) Apoptosis of cells treated by different concentrations of B01002 and C26001 evaluated by flow cytometry analysis using V-FITC and PI staining.\
**Abbreviation:** Ctr, control.](dddt-11-2697Fig1){#f1-dddt-11-2697}

![B01002 and C26001 inhibited tumor growth on SKOV3 xenograft mouse model. (**A**) Tumor growth curves of different treatment groups of PBS, DDP, B01002, and C26001. (**B**) Mean tumor growth inhibition (TGI) was calculated at the end of the treatment. (**C**) Pictures of resected tumors of four groups. \*\**P*\<0.05.\
**Abbreviations:** Ctr, control; DDP, cisplatin; PBS, phosphate buffered-saline.](dddt-11-2697Fig2){#f2-dddt-11-2697}

![B01002 and C26001 inhibited tumor proliferation in vivo. (**A**) Left, representative Ki-67 staining images of tumors resected from tumor-bearing mice treated with B01002, C26001, DDP, or PBS, magnification ×100; Right, the ratio of positive Ki-67 nuclear staining to total number of nuclei was measured for each field, and the cumulative results are summarized as bar graphs. (**B**) Changes in PCNA expression of xenografted tumors following 14-day treatment. (**C**) mRNA levels of PCNA in different groups determined by qRT-PCR. \**P*\>0.05; \*\**P*\<0.05.\
**Abbreviations:** Ctr, control; DDP, cisplatin; PBS, phosphate buffered-saline; PCNA, proliferating cell nuclear antigen; qRT-PCR, quantitative real-time PCR.](dddt-11-2697Fig3){#f3-dddt-11-2697}

![B01002 and C26001 induced apoptosis in vivo. TUNEL detection of apoptotic cells of tumors resected from tumor-bearing mice from different groups (red). Nuclei are stained with DAPI (blue). Top, representative image of DAPI and TUNEL staining. Arrows, cells exhibiting typical apoptotic morphology. Magnification ×100. Bottom, percentages of TUNEL-positive cells determined by cell counting. \*\**P*\<0.05.\
**Abbreviations:** Ctr, control; DDP, cisplatin; DAPI, 4,6-diamidino-2-phenylindole.](dddt-11-2697Fig4){#f4-dddt-11-2697}

![B01002 and C26001 inhibited inhibitor of apoptosis proteins (IAP). (**A**) Western blot of IAPs and apoptosis-related proteins; β-actin was used as loading control. (**B**) mRNA levels of IAP and apoptosis-related proteins by qRT-PCR. \*\**P*\<0.05 compared with the control group.\
**Abbreviations:** Ctr, control; DDP, cisplatin; IAP, inhibitor of apoptosis proteins; qRT-PCR, quantitative real-time PCR.](dddt-11-2697Fig5){#f5-dddt-11-2697}

![Syntheses of isoquinoline 1 and 2.\
**Notes:** Reagents and conditions: (**a**) AgOTf, PyBrOP, iPr2EtN, 1,4-dioxane, 70°C; (**b**) AgOTf, DBU, CH3CN, 80°C.](dddt-11-2697Fig6){#f6-dddt-11-2697}
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